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Abstract 
During an aircraft’s life, it will experience a variety of Foreign Object Damage (F.O.D.) strikes, some of which 
involve critical components in engines and undercarriage. The principal repair method for F.O.D. impacts is to grind 
away the visible surface damage, as long as this grind-out does not exceed limits on acceptable depth. However, 
F.O.D. also creates damage which may extend below the visible impact, and may therefore remain after the grind-out 
repair. This paper describes research which explores the extent to which this subsurface remnant damage might affect 
future in-service performance. It involved producing Ti-6Al-4V fatigue testing specimens which had contained 
identical or near identical damage and which are then to be subjected to grind-out repair to various depths. This 
approach allows the effect of any subsurface metallurgical damage or residual stresses to be assessed. The paper also 
describes the key features of the impact damage created using the standardised spherical impactors adopted, and the 
production of the fatigue specimens for fatigue testing to evaluate the performance of the as-damaged conditions with 
that of the various repair conditions to highlight the effect of the FOD on fatigue life. 
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1. Introduction 
The research presented within this paper represents a small portion of a larger project within a multi-
partnered project by the Defence Materials Technology Centre looking at extending the life-cycle of 
existing components and restoring the geometry of components deemed “un-serviceable” back to within 
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safe operating limits. By developing an understanding of the damage causing loss of usable life to such 
components, the new repair methods can be better evaluated for use with existing damage phenomenon. 
This paper aims to convey some of the novel steps being taken that have been overlooked by past 
investigations and their bearing on results obtained. 
1.1. Foreign Object Damage 
Foreign Object Damage (FOD) is an unavoidable and unpreventable aspect of aircraft operation and 
can lead to catastrophic failures of vital aircraft components such as engine blades [1]. The FOD of 
particular interest to this investigation occurs during an aircrafts take-off and landing, and comes mainly 
in the form of stones and other runway debris of a similar size. 
The main forces leading to the debris striking the aircraft come from the debris being sucked into the 
engine, being caught in the engine exhaust plume, or by being flicked up by the aircrafts tyre into the 
wheel well. These strikes tend to create dents, scratches, and nicks that form local areas of stress 
concentration during operation. Along with the cracking created during impact, these areas of stress 
concentration lead to the growth of fatigue cracks and ultimately the premature failure of an aircraft 
structure [1]. 
The current methodology for treating FOD strikes relies on finding them and blending/grinding away 
the visible damage during aircraft maintenance, provided that minimum component dimensions are not 
exceeded by the removal of the damaged material. 
1.2. Repairing Foreign Object Damage 
The currently accepted method of repair for FOD strikes in the industry is the blend or “grind-out” 
repair. This repair method involves gently removing the damaged material by grinding it away until the 
base of the impact crater is reached and visible damage has been removed. It is based primarily on the 
maintenance engineers experience and judgement, and goes on a case by case basis with no set guidelines 
governing exactly how much material needs to be removed to remove all the damage within the 
component due to the FOD strike. Once the aircraft component has exceeded its repair limits by 
becoming too small, it is generally scrapped. 
By comparing the traditional blend repair method to new and developing repair technologies, aircraft 
components that would normally be deemed “un-serviceable” can be restored to their original geometries 
and brought within safe limits in terms of mechanical and structural properties. 
Laser cladding involves the deposition of material onto the component surface from a powdered form 
using the assistance of a laser. Another method being investigated for aerospace applications by Rosebank 
Engineering Pty Ltd is known as Cold Spray and involves bombarding the aircraft components repair 
region with a like-material powder at an extremely high velocity to cause fusion to the substrate. 
This project, as one of the final deliverables, will show the improved fatigue performance gained from 
using these new methods as compared with the traditional blend repair. 
1.3. Fatigue Testing (4-point bend) 
Avoiding the unnecessary complication of requiring a fatigue testing machine with a large load cell 
was achieved by using a 4-point bend fatigue test set up as opposed to a direct-tension set up. By varying 
the roller spacing and using appropriate beam theory equations, the desired stress in the material was 
obtained as a function of machine fixture force being applied across the two rollers. The decision to use a 
4-point bend fixture as opposed to a 3-point bend fixture was made as the material located between the 
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two central rollers in a 4-point bend fixture experience a uniform stress distribution, allowing the test 
specimen to be positioned imperfectly with no ill-effects on the test results. 
2. Method 
2.1. Impacting 
Past investigations have shown that impacts into materials can be created using a variety of methods 
such as drop-weight rigs, quasi-static indenters, pendulum indenters and gas guns [2]. Although they are 
all able of creating the geometry associated with a FOD impact to a reasonably accurate level for 
perpendicular strikes, the crater geometry resembles that of a long-rod impact for non-perpendicular 
impacts when not using a gas gun. 
The only method to allow sufficient angle variation while maintaining in-service FOD type damage 
geometry, and replicating the other forms of damage associated with FOD strikes such as micro-cracking 
is a gas gun [3]. By using a 3.18mm diameter steel ball in conjunction with the gas gun, impact damage 
can be created in the lab that is representative of what is found in-service on FOD impacted structures [4]. 
As an aircraft structure is generally under an operational load during FOD strikes, another variable 
being investigated in this research is the application of a pre-load to the test-specimen during the 
impacting procedure. This is achieved by using a 4-point bend rig to apply a known load to the Ti-6Al-4V 
specimen inside the containment chamber at the end of the gas gun. 
2.2. Calibration of 4-point Pre-Load Impact Rig 
Maintaining the same pre-load application across numerous samples is achieved by first calibrating the 
4-point bend rig by finding the relationship between the torques applied to the high-tensile strength steel 
bolts used to secure the specimen, and the strain within the specimen itself. This allows for a quick turn 
around of samples during impact testing at set stress levels. 
This was executed by applying Vishay Micro-Measurements brand strain gauges (product code CEA-
13-125UW-120) in a grid pattern to the area of interest on the Ti-6Al-4V test specimen as in Fig 1. After 
connecting the strain gauges to a multi-input digital reader, a set torque was applied to each of the four 
bolts and the average micro-strain reading recorded. The torque being applied was increased 
incrementally and the associated micro-strain levels noted. 
Taking the relationship for strain (İ) as the tensile strength (ı) divided by the modulus of elasticity (E), 
the tensile stress being applied to the test specimen surface can be approximated quite accurately. As an 
aircraft component tends to operate well within its material limits, the desired stress for the test specimen 
during impact was chosen as 50% of the Ultimate Tensile Strength (UTS). The UTS of Ti-6Al-4V as set 
by the ASM standards is in the region of 1170MPa, the desired micro-strain was calculated to be 
approximately 5100 micro-strain. 
2.3. Fatigue Testing (4-Point Bend) 
The use of marker bands has been chosen for determining the crack-growth rate through the Ti-6Al-4V 
and after consulting with Defence Science and Technology Organisation (DSTO) staff currently 
investigating viability of using marker bands in Ti-6Al-4V, specific r-ratios and turning points have been 
selected to improve marker band visibility for the coming fatigue tests. 
The planned fatigue testing consists of the main fatigue block having an r-ratio of 0.1 for 20,000 
cycles, then an r-ratio of 0.7 for 2,000 cycles, followed by an r-ratio of 0.05 for 5 cycles, and an 
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additional 2,000 cycles at an r-ratio of 0.7 before looping back to the starting r-ratio. This loading pattern 
will be carried on until failure of the test specimen. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Strain gauged Ti-6Al-4V specimen in 4-point bend rig at 10700 micro-strain. 
3. Results 
3.1. Impacting 
The ideal goal of the impacting was to fill out a 3x3 test matrix table with the nine impact angle-
velocity variations chosen as the baseline impact conditions for further analysis. Three impact velocity 
variations of 200, 300, and 400 metres/sec and three angle variations of 30, 45, and 60 degrees and all the 
combinations therein. From the created impacts, the ones eligible for fatigue testing owing to their 
proximity to the desired impact conditions, are highlighted in Table 1. 
The measurements of the impact crater lengths and widths were obtained using a software package 
attached to the optical microscopes at the DSTO from images of the impact craters such as in Fig 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Optical image of an impact crater at an angle of 60° and a velocity of 207.18m/s. 
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Table 1. The impact crater angle-velocity variants created and their dimensions 
Initial Impact Crater Measurements Impact no. Impact Angle (°) Impact 
Velocity (m/s) Length (mm) Width (mm) 
1 45 275 2.455 2.055 
2 45 213 2.355 2.1 
3 45 298.6 2.585 2.102 
4 45 364.08 2.857 2.419 
5 45 403.23 3.172 2.648 
6 45 398.94 2.834 2.203 
7 45 297.62 2.734 2.124 
8 45 213.06 2.169 2.041 
9 60 213.07 1.98 1.794 
10 60 207.18 1.98 1.751 
11 60 309.92 2.404 2.26 
12 60 407.61 3.021 2.346 
13 60 398.94 2.799 2.363 
14 60 300 2.483 2.282 
15 60 209.497 2.081 1.83 
16 60 218.02 2.066 1.88 
17 60 309.92 2.497 2.275 
18 30 295.27 2.29 1.601 
19 30 403.23 3.368 2.188 
20 30 403.23 3.416 2.304 
21 30 302.42 2.454 1.888 
22 30 213.07 2.095 1.492 
23 30 208.33 2.009 1.536 
3.2. Calibration of 4-point Pre-Load Impact Rig 
The results of the calibration experiment are shown in Table 2. Taking the obtained micro-strain value 
and substituting it back into the stress-strain equation, the approximate stress level is obtained that is 
being induced in the test specimen within the rig. 
Table 2. The torque applied and the corresponding micro-strain 
Calibration Step Torque (Nm) Micro-Strain Stress (MPa) 
1 5.65 3700 421.8 
2 6.78 4600 524.4 
3 7.91 5300 604.2 
4 9.04 6400 729.6 
5 10.17 6900 786.6 
6 11.30 7650 872.1 
7 12.43 8750 997.5 
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4. Discussion 
From the observed effects of angle changes during examination of the impacts under an optical 
microscope, there is a pronounced amount of micro-cracking in and around (radial cracking) the impact 
crater that increases with a shift from the 30° range to the 60°range. Increasing the velocity also leads to 
an increase in the amount of observed cracking and leads to an increase in the scale of the impact crater. 
From Table 1, it can be see that from the attempts to create fatigue specimens, more than 80% of the 
impacts proved to be sufficiently accurate in terms of impact velocity and positioning on the specimen. 
The rest of the samples that are not fir for fatigue testing for whatever reason are not discarded, but are 
used for detailed metallurgical analysis and cross-sectioning to better understand the damage being 
formed. 
As discussed in the method, the desired level of micro-strain for the 4-point bend rig to impart to the 
test specimen is approximately 5100 micro-strain. According to Table 2, this can be attained by using a 
torque level of approximately 70 in-lbs across all of the bolts. 
5. Conclusion 
The damage resulting from FOD strikes is a serious issue and can result in heavy losses for aircraft 
operators in terms of additional maintenance costs for repairs/replacements, or in a catastrophic failure, 
the loss of human life. As the impact angle moves from 30°, 45° and closer to perpendicular as it 
approaches 60°, there is an increased amount of energy transfer to the test specimen from the projectile, 
resulting in an increase in the amount of cracking being formed. This multitude of cracks provides a 
series of great initiating flaws for fatigue crack growth. 
Current repair procedure for FOD is blending and is very subjective to operator experience and 
judgement, this failure in the maintenance sector can be overcome by evaluating the effectiveness of new 
repair technologies. By being able to rebuild the lost structure due to blending, the depth to which blend 
repairs are set can be increased to remove all of the damage as the material can be readily restored post 
blend repair. The 4-point bend rig to apply the pre-load during impact is simple and robust, allowing for a 
quick turn around of samples and making it ideal to investigate that particular avenue within this research 
project. The next phase in this research project involves fatigue testing of the unrepaired condition 
specimens, followed by a comparison with the blend repaired condition and the laser clad repaired 
condition. 
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